An array of cobalt nanorods of 10 nm in diameter and 14 nm of rod-to-rod distance was fabricated by electrochemical deposition technique into the pores of a mesoporous silica thin film formed on a Pt-coated Si wafer substrate. The cobalt nanorods are highly crystalline with the fcc structure. The magnetic hysterisis data at 300 K show that Co@silica nanocomposite film has strong magnetization anisotropy. Atomic and magnetic force microscopic data on this film revealed the possibility that each cobalt nanorod in the array can be individually magnetized. The number density of the cobalt nanorods is very high with 6 × 10 12 per in 2 , high enough to develop into a terabit magnetic memory device.
Introduction
The periodic arrays of single domain magnetic nanostructures are of substantial interest due to their potentials to develop into magnetic memory devices of much larger storage densities than any other storage media in today's conventional hard disks based on the current technologies. 1, 2 For the realization of such data storage devices, however, there are several important problems to be solved. One of them is the technique to fabricate magnetic nanostructures into arrays with homogenous distribution over a wide area. Lambeth et al. demonstrated that 8-nm-diameter particles centered on 10 nm array spacing had a recording density of over 6 Tbit/in 2 . 3 However, for room temperature operations, the arrays of magnetic nanorods with the similar dimensions are highly desirable.
Nanorods of magnetic materials have been synthesized notably by templating approaches. Especially, arrays of magnetic nanorods have been prepared by using porous alumina (AAO) membranes as templates. However, the pore size of AAO templates is typically around 50 nm, restricting the bit density of the nanorod arrays to be synthesized without the requirement for terabit magnetic recording media. [4] [5] [6] [7] In this respect, mesoporous materials with pore dimension of around 10 nm appear to be well suited for the fabrication of high density magnetic memory materials. [8] [9] [10] In addition to the pore dimension, they allow for large scale fabrication of periodic arrangement of pores. In this study, we have fabricated high density magnetic nanorod arrays consisting of nanometer-sized cobalt nanostructure in the pores of mesoporous silica thin film (Co@SiO 2 ) by using electrodeposition technique. The arrays have domain density of about 6 × 10 12 each/in 2 .
Experiments
The fabrication of arrays of cobalt nanorods was achieved by two steps: In the first step, we synthesized nanoporous silica thin film template onto a Pt-coated Si wafer or ITO glass by self-assembly of silica precursors and surfactants. In the second step, we formed cobalt nanorods inside the pores of the template by electrochemical deposition.
The synthesis of nanoporous thin film silica template was carried out following the literature method using tetraethoxyorthosilicate (TEOS) as the silica source and a nonionic surfactant F-127 ((EO) 106 (PO) 70 -(EO) 106 , EO = ethylene oxide, PO = propylene oxide) as the structure directing agent with some modification. A mixture solution with a molar ratio of TEOS: F-127: HCl: H 2 O: EtOH = 1: 6.6 × 10 −3 : 6.7 × 10 −3 : 4.6: 22.6 was spin-coated with 9000 rpm for 1 min in a relative humidity of 70% and room temperature. The resultant films were aged at 80 • C for 1 d followed by calcination at 450 • C for 5 h to obtain mesoporous silica thin films. Electrochemical experiments were carried out in a conventional three-electrode cell. A Ptcoated Si wafer covered with a mesoporous thin film was used as the working electrode. Transmission electron microscopic (TEM) images were obtained by a HRTEM (JSM-3011, 300 kV) and high-voltage electron microscopy (HVEM; JEM-ARM 1300S, 1250 kV). The surfaces of thin films were observed by atomic force microscopy (AFM) and magnetic force microscopy (MFM). AFM/MFM imaging was performed with a Nanoscope IV multimode (Digital Instruments, USA). A cobalt-coated MFM tip (75 kHz, > 25 nm, Team Nanotec , Germany) was used. The MFM image (scan size of 500 nm) was obtained with a lift mode (height: 20.72 nm) with a slow scan rate (1.01 µm/s).
Magnetic characterization was carried out using a SQUID magnetometer (MPMS-5XL). The measurements were conducted using an applied field parallel (// H) or perpendicular (⊥ H) to the film plane at 300 K.
Results and Discussion
The mesoporous silica films we have synthesized have a pseudo-cubic structure derived from the Im 3 m mesostructure of the as-made film as evidenced by X-ray diffraction and TEM data. The isotropic structure of this film ensures that the pore channels are accessible from the surface. 13, 14 Indeed, the top-view FESEM of this film (not shown) shows that there are pore openings with a hexagonal symmetry, corresponding to the [111] direction of the mesopore structure, at the surface. In this orientation, the body-diagonal channels stand vertically to the substrate surface, an advantageous feature for growing vertical nanorod arrays. The cross-sectional FESEM image in Fig. 1 shows that the fabricated film has a very smooth and crack-free surface almost to the nanometer scale. The AFM image to be discussed below also shows the regular pore openings. The pore diameter is 10 nm and the silica wall thickness is 4 nm, which is also confirmed by TEM (Fig. 2) .
Because our method allowed the formation of flawless mesoporous silica films on conductive substrates such as Pt-coated Si-wafer and ITO, we could apply electrochemical technique to fill the pores with various materials. 15, 16 In this paper, we present the result of cobalt deposition. Figure 2 shows the TEM images of the obtained Co@SiO 2 nanostructure with various magnifications. Figure 2(a) shows that the cobalt deposition inside the mesoporous silica thin film occurred homogeneously over a large area. In fact, the whole area of the electrode, about 1 cm 2 in our case, showed such homogeneity, demonstrating the advantage of the electrochemical deposition technique over any other techniques for impregnating into the pores; chemical or photochemical methods frequently used in the literature, result in sparsely populated nanomaterials. 6, 7, 11, 12, 16 The effectiveness of the electrochemical method is further demonstrated by every single pore of the mesoporous template that is filled by cobalt of 10 nm in diameter as shown in Fig. 2(b) . The height of the cobalt nanostructure could be controlled by the amount of current passed during the electrochemical deposition. Because the pores form an interconnected 3D structure, the replicating cobalt also should form a 3D nanostructure. However, in our previous work on depositing Pt using the same template, the Pt nanostructure consisted of single crystalline Pt nanorods that were loosely interconnected to each other. 17 We believe that the close proximity of the growth fronts during the electrochemical deposition process which involves diffusion of ions, makes vertical growth strongly preferred resulting in the loosely interconnected vertically grown Pt nanorods. By the same principle, our Co nanostructure is also composed of loosely interconnected vertically grown Co nanorods.
Because of the 3D network structure, we could not isolate a small portion of the sample to observe the lattice fringes of cobalt by conventional HRTEM. Therefore, we employed HVEM that runs with a high voltage (1250 kV) electron beam to study the crystal structure of cobalt. The HVEM image in Fig. 2(c) and the electron diffraction pattern generated by the Fourier transformation of this image (inset) show that the replica is highly crystalline cobalt phase with [111] direction (d = 2.05Å) of the fcc structure. Figure 3 shows the room temperature (300 K) magnetization hysteresis loops of the Co@SiO 2 thin film with the magnetic field applied parallel and perpendicular to the film. These results clearly suggest that the nanostructured cobalt film significantly affects the magnetic shape anisotropy. The Co@SiO 2 thin film shows a parallel coercivity of 370 Oe and a perpendicular coercivity of 640 Oe, much enhanced from the coercivity of bulk cobalt film of the order of 10 Oe. 16, 18 We also have studied the physical and magnetic topography of the Co@SiO 2 film by AFM and MFM. The AFM image in Fig. 4(a) shows the microscopic and macroscopic surface morphologies of the template silica film. The film surface is rather smooth with RMS roughness of 0.66 nm and height contrast (Z axis range) of 5.28 nm. This image also shows the regular pore openings as discussed above. The lateral resolution of the AFM image (about 10 nm) is higher than the tip curvature (∼ 25 nm), thanks to the periodicity and regularity of the mesoporous structure. In the MFM image, the lightcolored areas correspond to repulsion of the tip and the darker areas correspond to attraction. There are two different length scales of the contrast changes. The one of a few hundred nanometers correspond to the variation of height seen in the AFM image arising from the surface roughness. The other of about 10 nm length scale shows the magnetic domains. This latter type of contrasts shows the magnetic domain size, which correspond to the individual nanorods, implying that it is possible to magnetize each one of the nanorods in the array individually. Therefore, with the number density and strong shape anisotropy, our Co@SiO 2 fulfills the desirable feature for terabit memories of hard disks.
Conclusion
The ability to fabricate mesoporous silica films with a cubic structure on conductive substrates enabled us to fabricate nanostructured thin films with various materials employing electrochemistry. In this study, we have synthesized a novel Co@SiO 2 thin film that is composed of arrayed cobalt nanorods of 10 nm diameter and silica walls of 4 nm between them. With the high number density of 6 × 10 12 per in 2 along with their separation provided by the silica wall, this nanostructured material has the features that meet the requirements for terabit magnetic memories, and the MFM result indicates that our Co@SiO 2 film indeed has such a potential.
